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EXECUTIVE  SUMMARY 


This  report  summarizes  results  Navy  contracts  with  RayAeon  Researdi  Division 
(Lexington,  Mass.),  Texas  Instruments  (Dalias,  Tx.),  and  Norton  Company  (NdndiborD, 
Mass.)  for  the  devdopment  of  chemical-vapor-dqposited  (CVD)  optical-quality  diamond 
windows  from  Octobv  1990  through  April  1993  and  characterization  through  December 
1993.  At  the  outset  of  this  effort,  (^y  modesdy  transparent  CVD  diamond  had  been  made 
with  thicknesses  of  tens  of  micrometers  and  100  times  too  much  absorption  for  Navy 
applications  in  die  long-wave  infrared  (8  to  14  miciometer  (pm))  r^ion. 

Deposition  process  develc^iment  during  this  progr^  yielded  continuous  progr^ 
in  quality  and  scale  and  led  to  the  production  of  iqiinoximately  SO  clear  windows  widi 
thicknesses  of  0.3  to  1.0  millimeter  (mm)  and  diameters  up  to  25  mm.  Raytheon  evaluated 
hot-fUament  and  microivave  plasma  systems  and  chose  the  microwave  system  because  it 
produced  consistendy  higher  optical  quality  diamond.  Texas  Instruments  optimized  a  dnect 
current  plasma  torch  and  Norton  optimized  growth  of  optical-quality  diamond  in  a 
magnetk^y  mixed  arcjet  While  all  types  of  reactors  could  pnxluce  black  diamond  at  high 
gro^  rates,  <^cal-quiedity  material  demanded  slow  growth  rates  in  the  1  to  S  pm/hour  (h) 
range.  Abrasive  polishing  with  diamond  grit  was  enqiloyed  for  optical  finishing  of  flat 
windows. 

By  early  1993,  high  quality  diamond  was  being  produced  with  many  i»operties 
comparable  to  those  of  Type  Da  natural  diamond.  In  the  8-14  pm  infrared  region,  tte 
absorptkm  coefficient  was  as  low  as  0.1  to  0.3  centimeter  (cm)'^  (^tical  scatter  was  below 
1%,  and  emisrivity  was  below  3%  at  500°C  for  O.S-to-1-mm-thick  samples.  Many  of  the 
best  specimens  had  good  visible  transparency,  as  well  as  infrared  transparency.  The 
microwave  dielectric  properties,  thermal  conductivity,  thermal  expansion,  hardness, 
toughness,  and  modulus  of  high  quality  chemical-vapw-deposited  diamond  were 
equivalent  to  the  corresponding  prc^ierties  of  Type  Ila  natural  diamond.  The  mechani(»l 
strength  of  O.S-to-1-mm-thick  C^VD  diamond  tftamed  so  far  is  an  order  of  magninide  lower 
than  that  of  natural  diamond  and  is  governed  by  microscopic  cracks  and  defects.  A 
comparison  of  {xopeities  of  natural  and  CVD  ctiamond  is  tabulated  on  the  next  page. 
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Comparison  of  Properties  of  Natural  and  CVD  Diamond 

Optical  absofpikmfiacfficicnt®  8-12  iim 

Gem  diamond:  0.03^.05  cm**  @  10.6  pm  #  20^C 
CVD  diamond:  0.1-0.3  cm-l  e  2[fC 

AbaoqNioncoefficieat®  8-12|iiiiis>'2xatgreatatS00*Casat20% 

Emissivitv  a  8-12  Urn  wavdenpfa 

CVD  diamond:  0.02  @  300°C  (saiiq)le  thicknesses  «  0.35^.77  mm) 

0.03  @  SOO^C  (saiiq)le  thicknesses  «  0.35  mm) 

Intenated  forward  optical  scatter  (There  is  no  significant  change  in  the  range  20-500°Q 
Gem  diamond:  0.2%  (@  0.63  pm  integrated  from  0.3  to  45**) 

(0.3-0.S  mm  thick)  0.004%  (@  10.6  pm  integrated  firom  1.1  to  45**) 

CVD  diamond:  4%  (@  0.63  pm  integrated  from  2.5  to  70**) 

(0.3S-0.77  mm  thick)  0.2-0.8%  (@  10.6  pm  integrared  from  2.5  to  70**) 

Microwave  dielectric  properties 

Gem  diamond:  Dielectric  amstant  (e)  =  5.61  ±0.05;  loss  tangent  s  (6  dt3)  x  10-* 

(@  35  GHz)  100Ae/Ei8K:  -  -0026  +  0.00688CT  +  3.831x10-‘^T2  +  l.lgSxlO-*!^  (T-18-525"C) 
CVD  diamond:  Dielectric  ctxistant  s  5.7;  loss  tangent  <  4  x  10-*  (@  35  GHz) 

Theimal  conductivity 

Gem  diamond:  ~23  W/cm-K  @  20**Q  k  (W/on-K) «  2.833  x  (t  «  500-1200  K) 

CVD  diamond:  ~20  W/cm-K  @  20^C 

Thermal  expansion  coefficient 

Gem  diamond:  0.9  ppm/K  @  0“C;  2.7  ppm/K  @  250**C 
a  =  (l/L)dU<rr  «  0.8345  +  9.174  x  10-3  T  -  7.328  x  +  2.866  x  10-’  (T  »  100-1600  K) 
<rVD  dianxxid:  1.1  iqim/K  @  0“C;  2.7  ppm/K  @  25(fC 

Hardness 

Gem  diamond:  76-115  GPa  (anisotropic) 

CVDdiamoiKL*  81  ±18  GPa  (decreases  by  30%  at  800**C) 

Fracture  toughness 

Gem  diamond:  ~3.4  MPaVm 

CVD  dianKMid:  5.3  ±1.3  MPaV^  8  ±2  MPaVm 

Young’s  modulus/Poisson's  ratio 

Gem  diamond:  1 143  GPaA).069  (average  of  anisotropic  values) 

CVD  diamond:  Consistent  with  gem  diamond  value 

Mechanical  strength 

Gem  diamond:  -3  GPa  (tensile  strengtii) 

CVD  dianxMid:  ~200-400  Nff  a  (No  loss  of  strength  at  1000**C) 

(0.5- 1  mm  thick,  polished  disks  tested  widi  ling-on-iing  flexure  fixture;  load 
radius  =  4.88  mm,  support  radius  =  8.61  nun) 

Water  iet  damage  threshold  velocity 

(0.8  nun  diameter  jet;  1-nun-thick,  optical-quality  diamond  tui  solid  backing) 

Gem  diamond:  ~530  m/s  jet  velocity 

(TVD  diamond:  200-250  n^s  (central  crazing);  350-5(X)  m/s  (circumferential  cradc) 
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WHY  DIAMOND? 


Infrared-transmitti^  window  and  dome  materials  for  missiles  and  aiicraft  aU  suffer 
to  some  degree  from  insufficient  resistance  to  rain  and  sand  erosion  and  to  thermal  shodc 
during  npd  accderadon  (Hgure  1).  While  no  material  ineets  all  demands,  diamond  offers 
the  best  known  combination  cS  physical  properties  for  durability  (Reference  1).  TaUe  1 
compares  some  properties  of  natural  Ha  diamond  to  those  of  sapphire  and  zinc 
sulfide.  Sapphire  is  the  most  durable  window  material  for  the  midwave  (3  to  S  pm) 
atmospheric  infriued  transmission  window  and  zinc  sulfide  is  the  material  of  choice  fOT 
many  long-wave  (8  to  14  pm)  implications  (despite  the  fact  that  ZnS  is  limited  to  8  to 
10  pm)  (Inference  2). 


bftared-transmiuing  dome  at  nose 
of  missile  protects  seeto. 


FIGURE  1.  Dome  at  the  Nose  of  a 
MissUe  Protects  the  bifiaied  Seeker. 
Domes  can  fail  from  rain  and 
particle  impact  or  from  thermal 
shock  induced  by  rapid  acceleration. 


Rain  impact  fEulore  dormg 
cqttive  carry  by  airi^ane. 


Thermal  shock  failure  of  dome 
from  rapid  acceleration. 
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TABLE  1.  G)iiq>aiisonof  Properties  of  Infrared  Window  Materials  at  25**C 


Properties 

Type  na  Diamond 

Zinc  Sulfide 

Sapphire 

Hardness  (kgfrnn^) 

230 

1600 

Fracture  toughness  (MPaVm),  Kic 

3.4 

1.0 

1.8 

Strength  (MPa),  a 

-2500 

-100 

-700 

Expansitm  coefficient  (x  10^,  K*l),  k 

1.0 

7 

6 

Thermal  conductivity  (WAn-K),  a 

2000 

19 

34 

Young's  modulus  (GPa),  E 

1143 

74 

344 

Poisson's  ratio,  v 

Thermal  shock  figure 

0.07 

0.29 

0.27 

merit  (R')«(kW/m) 

4100 

2.6 

8.4 

Dielectric  Constant  (35  GHz) 

5.61 

8.35 

9.39  (EXc) 
11.58  (Ellc) 

Loss  Tangent  (35  GHz) 

0.0006 

0.0024 

0.00005  (Elc) 
0.00006  (Etic) 

^  R*  >  [<i(l-v^]/(aE).  The  greater  the  value  of  R‘.  the  greater  the  lesistaiice  10  ihennal  shock. 
Properties  in  this  table  are  strongly  (Bmpeianire-dependent. 


Diamond  is  the  hardest  known  material  and  has  a  high  fracture  toughness.  It  is 
therefoTB  expected  to  be  eqieciaUy  resistant  to  abrasion  and  erosion  by  dust  a^  rain.  The 
thermal  conductivity  of  diamond  is  higher  than  that  of  ct^per.  Coupled  with  its  low 
thermal  etq>ansion  a^  great  strength,  the  thermal  shock  resistance  of  dia^nd  exceeds  ttot 
of  ceramics  by  a  faaor  of  100  to  1000.  Dianxrnd  has  an  exceptionally  wide  optical 
window,  spanning  the  ultraviolet,  visible,  infrared,  millimeter  and  microwave  regions. 
Millimeter-thick  diamond  is  a  good  window  for  the  8-  to  14-^m  region,  but  weaJc 
absorption  interferes  with  the  3-  to  S-^m  region.  A  thin  coating  of  diamond,  however, 
transmits  adequately  in  both  the  3-  to  5-  and  8-  to  14-4m  ranges.  In  contrast  to  nx>st 
infrared  window  materials,  diamond  has  a  relatively  low  microwave  dielectric  constant  that 
makes  it  suitable  as  a  dual  mode  (infrared  and  microwave)  iqrerture. 

If  diamond  has  an  Achilles'  heel,  it  is  its  limitation  in  high-temperature  operations. 
Diamond  is  oxidized  to  carbon  dioxide  in  the  air  at  temperatures  above  700'*C 
(Reference  3).  The  thermodynamically  stable  phase  of  carbon  at  atmospheric  pressure  is 
graphite,  not  diamond.  Even  if  it  is  proteaed  from  oxidation,  diamond  transforms 
sptNitaneously  to  graphite  at  ten:q)eratures  above  ItiOO^C  (Reference  4). 


THE  DEVELOPMENT  PROGRAM 


The  program  to  develop  optical-quality  CVD  diamond  was  based  (m  three  primary 
contracts  with  Raytheon  Research  Division,  Texas  Instruments,  and  Defense  EKamond 
Development  Co.  (a  joint  venture  of  Norton  Co.  and  General  Dynamics,  hereafter  referred 
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to  as  "Norton").  W<»k  initiated  late  in  1990  resulted  by  early  1993  in  diamond  windows 
whose  characteristics  are  described  in  this  report  The  goal  for  early  1993  was  to  fnoduce 
flat,  optically  polished,  transparent  disks  widi  a  diameter  of  20  mm  and  thickness  of  1  mm. 
More  than  SO  disks  with  a  thicknesses  in  the  range  0.5  to  1  mm  were  received. 

Three  parallel  efforts  were  undertaken  to  improve  the  probability  of  fimling  a 
method  to  produce  high-quality  diamond,  which  was  by  no  means  a  certainty  at  the  outset 
of  this  program.  Radeon's  strategy  was  to  explore  hot-filament  and  microwave  plasma 
deposition  and  to  select  one  method  for  optimization  after  the  first  year.  Texas  Instruments 
chose  to  optimize  a  direct  current  torch,  while  Norton  was  optimizing  a  magnetically  mixed 
arcjet 


BEFORE  AND  AFTER 

During  this  effort,  deposition  technology  advanced  from  producing  black  or  dark 
gray  diamond  early  in  the  program  (Figure  2)  to  light  gray  or  colorless  diamond  in  1993 
(Figure  3).  Improvements  in  infrar^  visible  and  ultraviolet  transmission  are  shown  in 
Figures  4  and  5.  Black  diamond  had  negligible  transmittance  at  wavelengths  shorter  than 
3  ^m  and  significant  absorption  and  scatter  in  the  long-wave  infiared  region  (8  to  14  fim). 
The  best  colorless  (2VD  diamond  has  nearly  the  same  transmission  as  Type  Da  natural 
diamond  Gower  trace  of  Figure  5). 


I 


Norton 

(Translucent,  black) 


Raytheon 
(Translucent,  gray) 


ITT 


Texas  Instruments 
(Translucent,  black) 


FIGURE  2.  Representative  CVD  Diamond  Samples  in  1991. 
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Raytheon  Diamond 
HI  57-01  (1M3) 

(0.35  mnL  -tlCick) 
^1  2|  3|  i 


Norton  Diamond 
34  (1993V 
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1.0 
0.9 

2  0.8 

Q  0.7 
CO 

^  0.6 

S  0.5 
CO 

z:o.4 
^0.3 
0.2 
0.1 
0.0 

WAVELENGTH  nm 

FIGURE  4.  Upper  Spectrum  Compares  Infrared  Transmission  of  the  Best 
Available  Ncnlon  CVD  Diamond  in  1990  to  That  of  Natural  Type  Ha  Diamond. 
Center  spectrum  shows  improvement  in  infrared  transmission  achieved  by  1993. 
Bottom  spectrum  shows  ultraviolet-visible-near  infrared  transmission  of  high- 
(qKical-quality  Norton  diamond.  The  discontinuity  near  850  nanometers  (nm)  is 
an  artifact 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  f  T  ^  T'  I  ^  T  I  I 

UV-VIS-NIR  TRANSMISSION 
TD826A  (335  fj,m  thick) 


Norton  CVD  Diamond  1992 


I  I '  »  I  I  M  »  r  f  I  I  I  I  >  I  I  I  I  '1  I  I  I  I  I  I  >  I  >  1  r  I  I  >  I  I 

)  400  600  800  1000  1200  1400  1600  1800  2000  2200 
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FIGURE  S.  Upper  Spectrum 
Shows  Infiraied  Transmission 
of  O.S8-mm-Thick  CVD 
Diamond  From  Texas 
Instruments  in  1991. 
Transmittance  at  10  ttm 
waxlength  is  "30%.  Center 
spectrum  shows  0Jt2>mm- 
thick  CVD  diamond  from 
Texas  Instruments  with 
transmission  similar  to  that  of 
natural  Type  Ila  diamond 
through  the  ultraviolet, 
visibie.  and  infrared  ranges. 
Bottom  spectrum  shows 
exceUent-opticaiHluality  CVD 
diamond  fi^  Raytheon  with 
transmission  nearly  identical 
to  that  of  Type  na  diamond. 
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SOME  LESSONS  LEARNED  IN  DIAMOND  GROWTH  AND  HNISHING 

All  three  contractors  found  that  (1)  maximum  ^wth  rates  were  limited  to  1  to 
S  iim/h  for  optical  quality  material,  (2)  optical  quality  diamond  grew  in  a  highly  stressed, 
macroscopic^y  or  microsct^ically  crack^  state,  and  (3)  polishing  was  diffic^t  because  of 
diamond's  extreme  hardness.  Growth  rate  is  limited  by  the  requirement  for  low  methane 
concentration  in  the  methane/hydrogen  gas  mixture.  Higher  ^wth  rates  are  attained  at 
higher  methane  concentration,  but  optical  quality  is  not  satisfactory  at  high  methane 
concentration.  It  was  challenging  to  grow  1-mm-thick  optical  quali^  material.  High 
growth  stress  and  low  growth  rates  significantly  reduced  the  probability  of  successful 
completion  of  a  deposition  run  for  thicknesses  above  0.5  mm.  Also,  since  surface 
roughness  increases  with  increasing  thickness  (Figure  6),  thicker  dianK>nd  requires  nxne 
material  removal  during  polishing. 


Thickness  (mm) 


FIGURE  6.  Left:  Schematic  Cross  Section  of  CVD  Diamond  Showing  Conical  Grain 
Growth,  With  Large  Grain  Size  at  the  Growth  (upper)  Surface  and  Small  Grain  Size  at  the 
Substrate  (lower)  Surface.  Right:  Measured  grain  size  on  growth  surface  as  a  function  of 
thickness  of  diarnond  grown  in  microwave  reactor  at  Raytheon. 


All  three  contracters  chose  conventional  high-speed  lapping  with  diamond  abrasive 
to  polish  CVD  diamond  wafers.  Raytheon  also  press^  diamond  against  polished  steel  at 
900-1 100°C  in  an  argon  atmosphere  for  initial  smoothing.  Diamond  dissolves  in  the  metal 
under  these  conditions  (Reference  5).  Initial  conditions  for  abrasive  polishing  of  diamond 
are  critical.  There  were  numerous  instances  in  which  the  workpiece  was  shattered  because 
initial  polishing  was  too  aggressive. 

Raytheon  found  that  diamond  grown  by  microwave  plasma  had  better  optical 
quality  than  diamond  grown  in  a  hot-filament  reactor.  Figure  7  shows  the  transmission  of 
highest  quality  diamond  grown  in  a  hot-filament  reactor.  The  tantalum-tungsten  alloy 
filament  leaves  ~10l^  Ta  atoms/cm^  in  the  diamond  (measured  by  secondary  ion  mass 
spectrometry),  lowering  the  infrared  transmission  and  thermal  conductivity.  Work  with 
Pennsylvania  State  University  (Reference  6)  showed  that  heat  transfer  from  the  filament  to 
the  substrate  is  dominated  by  radiation  from  the  filament  and  exothermic  hydrogen  atom 
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recomtnnation  on  the  growing  diamond  surface.  System  geom^ry,  reactor  pressure,  and 
filament  traqterature  are  the  most  important  factors  demrmining  the  substrate  tenqtenture 
distributicNi. 


FIGURE?.  InCraed Transmission Spectnim of HigheA-<)uality Hot-filament 
CVD  Diamond  From  Raytheon.  Note  weak  absoiption  in  l-phonon  region 
from  1332  to  *-900  cm'^. 

Two  types  of  microwave  reactors  are  in  use  at  Raythecm  for  diamond  dq)osition.  A 
5  kilowatt  2450  megahertz  (MHz)  unit  manufactured  1^  ASIEX  (Woburn,  Mass.) 
was  modified  at  Raytheon.  This  instrument  deposits  50-mm-diameter  diamond  plates  widi 
outstanding  opticsd  quality.  A  reactor  capable  of  125-mm-diameter  deposition  was 
designed  and  built  at  Raytheon  with  a  915  MHz  microwave  power  source.  The  lower 
frequency  gives  a  larger  plasma  ball  capable  of  unifrmn  growth  over  a  larger  area. 

Norton  observed  boron  and  tungsten  contamination  in  CVD  diamond  from 
component  wear  in  their  aicjet.  Boron  was  eliminated  by  substituting  nonboron-containing 
parts  in  the  arcjet.  Tungsten  was  reduced  below  levels  detectable  by  x-ray  fluorescence  by 
redesign  of  part  of  the  reactor. 

To  optimize  operation  of  a  direct  current  (dc)  torch,  Texas  Instruments  studied  the 
effects  of  operating  parameters  on  linear  growth  rate  (iinv^),  absorption  by  CH2  groups 
near  a  wavelength  of  3.4  ^m,  and  q)tical  scatter  at  a  wavelen^  of  10  pm.  (Measurement 
of  absorption  and  scatter  is  describe  in  the  section  Interpreting  the  Infrared  Spectrum  of 
Diamond.)  The  desired  response  is  to  maximize  growth  rate  and  minimize  absorption  and 
scatter.  The  absorption  that  we  really  wish  to  minimize  is  in  the  long-wave  infrared  region 
at  8  to  12  pm.  The  CH2  absorption  was  chosen  because  it  is  correlated  with  long-wave 
absorption,  but  is  easier  to  measure. 
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Pn^ities  were  more  dependent  on  temperature  than  on  any  other  variable.  For 
example,  for  a  C-H  stretching  absorption  coefficient  of  1.0  cm*^  it  is  necessary  for 
temperature  to  be  uniform  to  within  ±3  K  for  the  absoipticm  coefficient  to  be  uniform  to 
within  ±0.5  cm'i.  This  is  approximately  a  factor  of  ten  greater  temperature  control  than  is 
currently  available  in  some  reactors.  Allowable  variations  in  hydrogen,  methane,  and 
oxygen  flow  and  arc  current  were  within  easily  attained  limits. 


INTERPRETING  THE  INFRARED  SPECTRUM  OF  CVD  DIAMOND 


The  infrared  transmission  spec^m  of  Type  Ila  natural  diamond  (the  purest  type  of 
diamond)  shown  in  Figure  7  is  divided  into  regions  labelled  1 -phonon,  2-phonon, 
3-phonon,  etc.  The  highest  vibrational  frequency  of  the  diamond  crystal  lattice  involving 
one  quantum  of  energy,  called  the  zone-center  mode,  is  observed  near  1332  cm*!  in  the 
Raman  spectrum.  This  mode  is  forbidden  by  the  infrared  selection  rules  for  a  perfect 
diamond  lattice  and  is  not  observed  in  the  infrared  spectrum  of  Type  Ila  diamond  in 
Figure  7.  However,  weak  2-quantum  transitions  in  the  region  1332-2664  and  weaker 
3-quantum  transitions  in  the  region  2665-3996  cm‘1  are  flowed  and  observed  in  the 
infrared  spectrum  (Reference  7).  In  CVD  diamond  in  Figure  7,  weak  absorptions  are 
observed  in  the  l-plK>non  region  because  the  perfect  cubic  symmetry  of  the  lattice  is  broken 
by  the  presence  of  impurity  atoms  and  defects  such  as  vacancies  and  twin  boundaries. 

In  the  course  of  developing  depoation  methods  for  CTVD  diamtxid,  it  was  necess^ 
to  interpret  the  transmission  spectra  of  impute  diamond  with  rough  surfaces.  Impurities 
absorb  infrared  radiation  and  activate  1-phonon  absorptions  of  the  diamond.  Defects  and 
grain  boundaries  produce  some  internal  optical  scatter,  while  rough  surfaces  create  a  great 
deal  of  optical  scatter.  How  do  we  deconvolute  scatter  from  absorption  in  CVD  diamond? 

Figure  8  illustrates  the  first  two  steps  in  this  process.  The  upper  spectrum  shows 
the  transmittance  of  well-polished  Norton  CVD  diamond,  with  oscillations  arising  from 
constructive  and  destructive  interference  of  light  waves  reflected  between  the  two  spaces 
of  the  specimen.  (Strong  interference  fringes  were  characteristic  of  most  polished  samples 
of  Nonon  diamond,  indicative  of  good  polishing.  Polished  diamond  from  Raytheon  and 
Texas  Instruments  had  much  weaker  interference  fringes.  Unpolished  diamond  shows  no 
fringes.)  Hie  first  step  in  interpreting  the  spectrum  of  Norton  diamond  is  to  remove  the 
fringes.  This  is  done  by  taking  the  Fourier  transform  of  the  transmittance  spectrum  and 
removing  the  oscillation  frequency.  Additional  noise  can  be  filtered  out  by  removing 
higher  fi^uencies  in  the  Fourier  transform.  The  inverse  Fourier  transform  of  the  filtered 
data  gives  the  smooth  spectrum  shown  by  the  dashed  line  in  the  upper  spectrum  and  the 
solid  curve  in  the  lower  spectrum  of  Figure  8. 

The  smooth  spectrum  is  presumed  to  consist  of  intrinsic  2-  and  3-phonon 
absorptions  of  diamond,  plus  impurity  absorptions,  plus  broad  optical  scatter  that  increases 
as  wavelength  decreases.  The  curved,  dashed  baseline  in  the  lower  spectrum  of  Hgiro  8  is 
fit  to  the  spectrum  by  matching  three  points  where  absorption  is  presumed  to  be  negligible, 
near  2.5,  6.5,  and  17.5  p.m.  (Absorption  by  Type  Ila  diamond  is  insignificant  at  these 
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FIGURE  8.  Upper  Figure  Shows  Transmission  Spectrum  of  Polished  CVD  Diamond  From 
N(Hton  Run  TE29  Befwe  (solid  line)  and  After  (dashed  line)  Fourier  Filtering  of  Interference 
Oscillations.  Dashed  line  in  lower  figure  is  cubic  spline  fit  to  three  circle  points  in  the  smoothed 
qrectrum.  It  is  presumed  that  this  fit  represents  die  scattering  baseline  of  the  absorption  spectrum. 
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wavekngths  and  impurities  are  not  expec^  to  absorb  at  di^  wavelengdis.)  The  dashed 
curve  is  a  cubic  ^Hne  fit  to  these  three  points. 

The  upper  part  of  Hgure  9  shows  a  transmittance  spectrum  transformed  into  an 
absorptkm  q)ecttum  tlttough  the  idadon 

1  T 

Extinction  coefficient  * 

where  t  is  the  thickness  of  the  ^>ecimen  (cm),  T  is  the  measured  transmittance  in  the 
smoothed  spectrum  (s^  trace  in  the  lower  spectrum  of  Figure  8)  and  Tr  is  the  dieoietical 
transmittance  of  a  diamond  plate  with  no  internal  losses.  Tr  is  determined  by  Rnsnel 
reflection  ^m  Ae  two  surfaces  and  is  given  by 

Tr  =  -irr  C) 


where  n  is  the  refractive  index  of  Type  Ila  diamond.  Taking  n  «  2.38  duoughout  the 
spectral  range  in  Figure  9  gives  Tr  =  71.4%.  That  is,  perfecdy  pure  diamond  is  expected 
to  transmit  71.4%  in  regions  where  there  are  no  absorpdtMi  ban^. 

Wavelength  (mletona) 


•0  " 

e  >• 


c  ® 
^  H 


500  1000  1500  2000  2500  3000  3500  4000 

Wavenumber  (cm'V 

FIGURE  9.  Upper  Trace  is  Measured  Extinction  Coefficient  (p,  cm'^)  of  a  POlisbed  Sample  of  Texas 
Instruments  CVD  Diamond.  This  is  obtained  from  the  transmission  spectrum  by  computing  P  s  (i/i)  bi 
(T/Tr).  where  t  is  thickness,  T  is  olMerv«l  transmittance  and  Tr  is  theoretical  transmittance  (0.714).  The 
scattering  baseline  (y,  cm**)  fit  to  three  points  of  this  spectrum  is  also  shown.  When  the  scattering 
coefficient  is  subtracted  from  the  extinction  coefficient,  the  difference  is  the  absorption  coefficient 
(a,  cm**). 
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The  scattering  baseline  in  Hgure  9  conesponds  to  the  dashed  curve  in  die  lower 
spectrum  in  Hgure  8.  When  the  scattering  barline  is  subtracted  from  the  observed 
extinction  spectrum,  the  ateoiption  spectrum  at  the  bottom  oi  Hgure  9  is  left.  This 
plectrum  contains  intrinsic  ab«oq>tions  of  ^  diamond  and  extrinsic  absorptions  from 

impurities  and  defects.  The  ordinate  is  the  absorption  coefficient,  a.  The  extinction 
coefficient  is  the  sum  of  the  absoipdcm  coefficient  and  a  scattering  coefficient,  y. 

p  *  a  +  y  (3) 

extinciian  abacnxioa  acaner 

coefificieitt  coefficient  coefficient 

Deconvolution  of  the  infrared  transmissitm  spectrum  into  scatter  and  absorption 
components  was  validated  at  Texas  Instruments.  For  samples  with  absorption  coefficients 
in  tlw  range  0.2  to  2  cm'l,  laser  caltmmetiy  measurements  were  within  experimental  error 
of  infrared  transmission  measurements.  For  one  sample,  whose  scatter  was  estimgued  to 
19%  based  on  transmission,  direct  measurements  of  forward  and  backward  total  integrated 
scatter  at  China  Lake  gave  a  sum  oi  16%. 

To  expedite  deposition  method  development,  Texas  Instruments  applied  a  coating 
with  the  same  refractive  index  as  diamond  to  unpolished  CVD  diamond.  As  shown  in 
Figure  10,  this  removed  most  of  the  surface  scatto*  and  permitted  infrared  abscrption  to  be 
measured  without  laborious  polishing  of  the  diamond. 


FIGURE  10.  Lower  Trace  is  Raw  Transmission  of  Unpolished  Texas  Instruments  CVD 
Diamond  With  a  Thickness  of  60  pm.  Middle  trace  shows  transmission  after  inlying  a 
thin  coating  that  matches  the  refractive  index  of  diamond.  This  coating  eliminates  most 
surface  scatter.  Upper  trace  shows  transmission  spectrum  of  coating  layer  alone,  with 
thickness  similar  to  that  applied  to  diamond. 
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HYDROGEN  IN  CVD  DIAMOND 

Infinuvd  q)ectn  of  eariy  devdofMoent  sanq^  of  CVD  diamond  were  dominaiBd  by 
strong  C’H  stretching  absorption  bands  in  the  2800-3000  cm**  region.  Samples  with 
strong  C-H  absorption  invariably  have  strong  absorption  in  the  1 -phonon  region  (~1000  to 
1350  cm*l  in  Figure  1 1).  (Absorption  in  the  1-phonon  region  might  arise  from  defect- 
activated  1-phonm  diainond  transitions  or  may  be  inqHirity  absocpticMis.)  It  was  tiierefoie 
paramount  to  reduce  the  C-H  content  of  (TVD  diamond  to  reduce  long-wave  infrared 
absorption.  The  middle  and  lower  spectra  in  Figure  5  repcesoat  q)ecimais  in  which  there 
is  negligible  C-H  absorption.  The  left  side  of  Figure  12  shows  die  correlation  tetweoi 
C-H  abscaption  and  hydrogen  craitent  for  Texas  Instruments  dc  plasma  torch  diamond, 
while  the  right  side  shows  the  correlation  between  C-H  absorption  and  1 -phonon 
absrxpticm. 


FIGURE  11.  Absorptioo  ^wctra  of 
Raytheon  Hot-Filament  CVD 
Diamond  With  H  Content  Varying 
From  0.017  to  0.219  Atom  Percem 
(measored  by  solid-state  nuclear 
magnetic  resonance  spectroscopy 
(Reference  8).  Note  the  strong 
conelation  between  C-H  stretching 
absorption  and  1-phonon  absorption. 


Figure  13  shows  details  of  the  C-H  stretching  region  of  representative  CVD 
diainond  samples.  As  labelled  at  the  top  of  the  figure,  the  two  C-H  stretching  frequencies 
of  CH2  groups  in  alkanes  are  found  at  2925  ±10  and  2855  ±10  cm'^  The  two  C-H 
stretching  fr^uencies  of  CH3  groups  in  alkanes  are  found  at  2960  ±10  and  2870  ±10 
cm*^  The  spectrum  of  paraffin  wax  in  the  lower  part  of  Figure  13  is  dominated  by  CH2 
groups,  with  smaller  peaks  from  CH3.  The  similarity  of  the  C-H  stretching  region  of  CVD 
diamond  to  that  of  paraf^  wax  suggests  that  most  of  the  hydrogen  in  diamond  exists  as 
CH2  groups.  In  microwave  plasma  CVD  diamond  at  Ae  top  of  Figure  13,  peaks 
corresponding  to  both  CH2  and  CH3  are  observed.  There  is  also  a  prominent  unassigned 
peak  at  2817  cm*^  which  we  suggest  iiuiy  be  due  to  hydrogen-capped  diamond  surfaces, 
such  as  the  (IDO)  surface  that  requires  one  hydrogen  p^  cartron  atom  to  complete  the  sp^ 
tetrah«lral  bonding  at  the  surface  of  the  cryst^. 
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FIGURE  12.  Uft:  Conelatkm  Between  C-H  Infirared  Absorption  Near  33  pm  and 
Hydrogen  Content  Measured  by  Nuclear  Resonance  Reaction  Analysis  in  Texas 
Instiumeots  dc  Torch  CVD  Diamond.  Right:  Comlatioo  between  C>H  absorption  near 
33  lun  and  bnad  dbsotptkn  near  8  pm  in  the  l^rhonon  r^ioo  (Reference  9). 


iH-nuclear  magnetic  resonance  (NMR)  spectroscc^  oi  Raytheon  hot'filanient 
diamond  shows  a  broad  (SO  to  70  kiltriiertz  0^)  wide)  Gaussian  signal  indicative  of 
hi^y  segregated  hydrogen  atoms,  probably  at  grain  boundaries  (Reference  8).  Hydro^ 
is  not  randomly  diqiersed  throughwt  the  diiimond.  The  majority  of  the  hydro^  is  rigidly 
held,  while  a  fraction  undergoes  motional  narrowing  at  room  tenqierature.  One 
inter{»etation  is  that  most  of  the  hydrc^n  is  rigidly  held  as  CH2,  and  a  small  fraction  is  in 
CH3  groups  that  are  free  to  rotate. 


Rom  the  transmission  spectrum  of  paraffin  in  Figure  13,  Norton  estimated  the 
absorption  cross  section  for  H  in  paraffin  to  be  o  »  2.6  x  10*19  cm2^  for  the  2920  cm*l 
band.  The  cross  section  is  defined  by  the  equatkin 


Absorption  coefficient  (cm*l) »  a  -  oN 


(4) 


where  N  is  the  number  density  (atoms/cm^)  of  hydrogen  atcuns.  (The  absorptitm  cross 
secticMi  estimated  from  Figure  12  for  the  2834  cm*l  band  of  diamond  is  7  x  10*20  cn^.) 
Nonon  used  the  cross  section  to  estimate  that  the  excellent  quality  diamond  in  Figure  14 
contains  16  H  atoms  per  million  C  atoms.  In  anmher  experiment,  Nortcm  measiued  the 
hydrogen  content  of  two  different  diamond  samples  by  infrared  absorpticm  ^  by  IH 
NMR.  Infrared  measurements  gave  H  contents  of  340  and  80  parts  pa  million  (ppm), 
while  NMR  gave  values  of  230  and  90  ppm  for  the  same  samples.  This  experiment 
confirms  ^  validity  of  the  infrared  method  for  measuring  hydrogen. 
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FIGURE  13.  Upper  ^ectnm 
Shows  C'H  Sircadiiiig  R^ion 
of  Four  Differeot  Mimwave 
Plasma  CVD  Diamond 
Samples  Frmn  Raytheon. 
Center  speanmi  diows  Qrpical 
C'H  stretching  region  of  dc 
torch  CVD  diamond  from 
Texas  Instruments.  Lower 
spectrum  compares  paraffin 
wax  to  Norton  CVD  diainond. 
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FIGURE  14.  Ttransmisskn  Spectrum  of  Noctoo  Sample  30  With  a  Thickness 
of  0.638  mm  From  Growth  Run  TD1068.  With  C-H  Stretching  Absorption 
Intensity  Corresponding  to  16  H  Atoms  per  Million  C  Atoms. 


X-RAY  AND  MICROSCOPIC  EXAMINATION 
OF  DUMOND  SAMPLES 


Numerous  samples  of  polished,  polyc^stalline  CVD  diamond  were  received  from 
Raytheon,  Texas  Instruments,  and  Norton  in  1993.  Figure  15  shows  X-ray  pow^ 
diffraction  patterns  from  two  specimens.  The  intensi^  pattern  in  the  lower  trace  is  sin^ar 
to  randomly  (viented  diamond  powder,  while  the  upper  trace  has  a  strong  (220)  reflection, 
indicating  strong  preferential  (110)  crystal  orientation.  In  general,  Texas  Instruments' 
samples  had  orientations  ranging  from  random  ro  smmg  (1 10).  Sometimes,  two  disks  cut 
from  different  sections  of  Ae  same  growth  run  had  the%  two  different  orientations, 
attesting  to  significant  nonuniformity  in  deposititm  conditions.  NcvtCHi  saiiq)les  were 
uniformly  strongly  (1 10)  txiented.  A  single  Raydieon  disk  (D382-02)  that  was  examined 
had  nearly  random  orientaticxi. 
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FIGURE  IS.  X-Ray  Powder  Difliaction  Patterns  of  Texas  Instruments  CVD  Diamond. 
Randomly  oriented  crystallites  would  have  the  fc^wing  intensity  pattern: 


dSpacinyrAl 

Relative  imensitv 

43" 

2.060 

100 

(111) 

75" 

1.261 

27 

(220) 

91" 

1.075 

16 

Oil) 

119" 

0.892 

7 

(400) 

141" 

0.818 

15 

031) 

Figures  16  and  17  contrast  the  fine  (-10  )im)  and  coa^  (-100  to  300  urn)  gndns 
on  the  substrate  and  growth  surfaces  of  Nortcm  tUamond,  in  accord  with  the  conic^, 
columnar  growth  shown  in  Figure  6.  Hguie  18  shows  a  grain  on  a  polished  surface,  with 
what  appear  to  be  fracture  lines  radiating  into  the  grain  fn^  the  boundaries.  This  rauld  be 
a  result  of  large  stresses  during  growth,  leading  tt>  fracture  and  stress  relief.  Figure  19 
shows  a  section  of  what  appears  to  be  a  fracture  or  void  or  nondiamond  deposit  running 
alcmg  (at  grain  boundaries?)  for  hundreds  of  micrometers,  buried  570  )im  beneath  tlw 
surface  of  a  sample  that  was  almost  a  millimeter  thick.  A  heavily  twinned  region  of 
polished  surface  is  seen  in  Figure  20.  Figure  21  shows  what  appears  to  be  a  grain 
boundary  going  through  a  twin.  It  appears  that  there  is  epitaxial  crys^  growth  across  this 
grain  boundary.  None  of  the  features  in  Figures  21-26  were  unusual  in  Ae  C^VD  diamond 
seen  in  this  program. 
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FIGURE  16.  Fine  Grain  Structure  of  Substrate  Surface  of  Polished  Norton 
Diamond  Specimen  12  (360x.  transmitted  light). 


FIGURE  17.  Coarse  Grain  Structure  of  Growth  Surface  of  Polished  Norton 
Diamond  Specimen  12  (360x.  transmitted  light). 
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FIGURE  18.  Surface  of  Polished  Norton  Diamond  Specimen  5.  With 
Fractures  Apparently  Running  Into  the  Grain  From  the  Edges  (500x, 
transmitted  light). 


FIGURE  19.  Long  £)efect  570  pm  Beneath  the  Surface  Appears  to  Run 
Along  Grain  Boundaries  of  Polished  Raytheon  Diamond  Specimen  HI 55- 14 
(150x,  transmitted  light). 
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FIGURE  20.  Crystal  Twins  on  Polished  Growth  Surface  of  Norton 
Diamond  Specimen  7  (2S0x,  transmitted  light). 


FIGURE  21.  Grain  Boundary  (crooked  line)  Appears  to  Cross  a  Twin 
Boundary  (straight  line^  on  the  Growth  Surface  of  Polished  Norton  Diamond 
Specimen  23  (62Sx,  oansmitted  light). 
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OPTICAL  CHARACTERISTICS 


BACKGROUND 

If  the  radiant  power  entering  a  material  is  designated  Pq,  and  radiant  power  P 
emerges  after  traversing  a  thickness  t,  the  transmittance  is  P/Pq.  Transmittance  is  related 
logaridimically  to  thickn^: 


P/Po  =  c-« 


(5) 


where  a  is  the  absorption  coefficient,  with  units  of  cm*^  If  the  material  reflects  a  fraction 
of  incident  radiation,  R,  at  each  surface,  then  the  transmittance  is 


P/Po  = 


(1  -  R)2e-« 

1  -  R2c*2at 


(6) 


where  R  =  (n-l)2/(n+l)2,  and  n  is  the  refractive  index.  This  equation  applies  to 
perpendicular  incidence  (^y. 

Emissivity  is  defined  as 


Emissivity  =  e  = 


radiant  power  emitted  by  material 
radiant  power  emitted  by  blackbody 


and  is  related  to  the  absorption  coefficient  1^  the  equation 


C7) 


(1  ■  R)(l  -  e-«t) 

1  -  Re*a‘ 


(8) 


for  emission  normal  to  the  surface.  For  nearly  transparent  materials  (with  low  small 
abs(»ption  coefficients),  the  expression  for  emissivity  simplifies  to 


e  *  at  (forat«l) 


(9) 


LONG-WAVE  INFRARED  ABSORPTION 

The  best  optical  quality  CVD  diamond  made  at  Raytheon,  Norton,  and  Texas 
Instruments  has  adequate  long-wave  (8  to  14  pm)  infrared  optical  prop^es  for  windows 
operating  at  500°C.  Transmission  of  the  highest  quality  CVD  dianaond  is  similar  to  that  of 
natural  Type  Ila  diamond,  which  is  the  purest  natinal  diamond  (References  10  through  12). 
Figure  22  shows  the  behavior  of  the  infrared  spectrum  of  diamond  up  to  SIS^’C  (788  K) 
and  Figure  23  shows  that  the  absorption  coefficient  in  the  2-phonon  region  increases  by 
50%  from  25  to  700°C.  In  general,  there  is  little  temperature  d^ndence  in  the  1-phonon 
region,  some  change  in  &e  2-phonon  region,  and  more  in  the  3-phonon  region. 
Theoretically,  the  absorption  coefficient  should  be  proportional  to  temperature  (T)  in  the 
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2-phoiion  region  and  proportional  to  in  the  3>iriionon  region  at  sufficiently  high 
temperature.  The  observed  increase  in  absorption  of  diamond  is  less  than  the  high- 
temperature  limit  (Reference  12). 


FIGURE  22.  Ittfaied  Absorption  of  Rnytheon  CVD  Diamond  Specimen  D383-C2  (0.75 
nun  thick)  (Courtesy  M.  E.  Thomas,  ^iplied  Physics  Laboratory,  Laurel,  Md.  (RdTerence 
II).)  Spectra  in  this  and  the  next  figure  were  recorded  on  different  q)ectron)ems.  The 
qiparendy  larger  temperature  variation  of  q)ecimen  D383-02  in  the  500- 1500  cm*^  region 
may  not  be  correct 


FIGURE  23.  Tempera¬ 
ture  DqKndence  of  Infra¬ 
red  Al^rption  (d*  0.S1- 
mm-Thick  Texas  Instru¬ 
ments  CVD  Diamond. 


500  1000  1500  2000  2500  3000  3500  4000 

Wavenumber  (cm  ') 
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Figure  24  compares  the  very  weak  absmption  of  Type  Ha  diamond  in  the  1-phonon 
region  to  that  of  two  specimens  of  excellent-quality  CVD  ^amond.  Natural  diammd  has 
w^  absorption  maxima  at  1050,  890, 810,  and  740  cm**  that  are  just  barely  evident  in 
Figure  24  (Reference  12).  These  are  superimposed  mi  a  low-energy  tail  from  the  2-phoiKMi 
region  that  is  labeled  "theoredcal  model”  in  Figure  24  and  given  by  the  equation 
(Reference  12) 


2-phonon  tail 
in  1 -phonon  region: 


a 


(cm**)  = ' 


146  cpS 
OJinax® 


(farm  <  ODmax) 


(10) 


where  a  is  the  absorption  coefficient,  on  is  wavenumber  (cm**),  and  (Dmax  =  1143  cm**. 
This  is  an  acoustic  contribution  to  absorbance  in  the  1 -phonon  region  from  2-phonon 
modes.  The  constant  146  cm*^  was  obtained  by  frtting  the  tail  to  points  measured  by  laser 
calorimetry  for  Type  Ila  diamond  (Table  2). 


FIGURE  24.  Infrared  Absorption  of  Diamond.  The  extinction  coefficient  includes  the  combined 
effects  of  scatter  and  absorption.  Samirie  D383-02  is  the  highest  quality  CVD  diamond  received  in 
the  Navy  program.  Samjde  932  is  the  highest  quality  CVD  diamond  that  has  been  examined  at  the 
Applied  Physics  Laboratory.  Points  at  944  and  1079  cm**  are  laser  calorimetry  measurements  on 
Type  Ila  di^ond  (Table  2).  The  smooth  curve  is  from  Equation  10  (Courtesy  M.  E.  Thomas, 
Applied  Physics  Laboratory  (Reference  1 1). 
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TABLE  2.  Laser  Cakxim^rk;  Measurement 
Type  Da  Diamond  Absorption  Coeffident^ 


Wavenuniber,  cm'l 

Absorption  coefficient,  cm*^ 

R^nenoe 

944  (10.6  pm) 

944  (10.6  pm) 

1079  (9.27  pm) 

0.033,  0.042 

0.047 

0.062 

13 

Raytheon 

Raytheon 

^  An  additional  estimaie  of  the  absorption  coefficient  of  Type  E 

[a  diamond  at  944  cm*^  is 

a  *  0.024  cm*^  firom  transmission  data  in  Figure  2  of  Reference  14). 

Abscffption  coefficients  fcx*  natural  diamcmd  may  be  cmnpared  to  those  of  several 
good  quality  CVD  diamond  sanqjles.  The  absorption  coefficient  of  Raytheon  diamcmd  in 
Table  3  is  approximately  0. 1-0.2  cm**,  and  doubles  upon  heating  to  ~50()®C.  The 
absorption  coefficient  of  Norton  diamond  in  Table  4  is  approximately  twice  as  high  as  tfiat 
of  the  best  Raythecxi  sample  and  also  doubles  upon  heating  to  ~S00^C.  For  comparison, 
transmission  spectra  of  natural  Type  Ila  diamond  (san:q>le  806)  at  the  Applied  l%ysics 
Laboratory  show  that  the  absorption  coefficient  at  10  4m  also  douUes,  from  0.1  cm*^  at 
2QPC  to  0.2  cm'^  at  770*’C.  Absorpticm  coefficients  of  five  Texas  Instruments  dianxmd 
samples  in  Table  5  are  0.15  to  0.35  cm-^  at  10.6  pm  at  25X. 

TABLE  3.  Infrared  Absorption  Coefficient  of  Raytheon 
CVD  Diamond  D383-02  (0.75  mm  thick). 


Abst^tion  coefficient,  cm*^  at  10.6  pm 


Value 

Measurement  made  at 

Method 

0.07 

Raytheon 

laser  calorimetry 

0.11  ±0.03 

Texas  Instruments 

laser  calorimetry 

0.23  ±0.04 

China  Lake 

laser  calorimetry 

0.15 

Texas  Instruments 

transmission  spectrum 

0.12 

Rockwell  Science  Center 

transmissitm  spectrum 

0.16 

Applied  Fhysics  Lab 

transmission  spectrum 

Average  absorption  coefficient,  cm'^  from  8-14  pm  based  on  transmission  spectrum 


Value 

Measurement  made  at 

0.10  ±0.05 

Texas  Instruments 

20 

0.18  ±0.05 

Texas  Instruments 

470 

0.30 

Rockwell  Science  Center 

20 

0.62 

Rockwell  Science  Onter 

475 
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TABLE  4.  InfiaicdAbsoipdon  Coefficient  of  NoitcmCVD  Diamond 
Sample  24  (0.S4  mm  thick). 


Absorptiem  coefficient,  cm*^  at  10.< 

Sum 

Value 

Measurement  made  at 

Method 

0.30  ±  0.10 

Texas  Instruments 

laser  calorimetry 

0.53  (+0.03  -0.15) 

China  Lake 

calorim^ry  on  Sample  23 
(from  sme  giowdi  run  as  #24) 

0.20 

Texas  Instruments 

transmission  qrectrum 

0.36 

Rockwell  Science  Center 

transmission  (@  10.0  pm) 

0.16 

Applied  Physics  Lab 

transmission  spectrum 

Average  absorption  coefficient,  cm-^  based  on  transmission  spectnim 


Value 

Measurement  made  at 

Temperature,  **C 

0.15  ±0.10®  8-14  urn 

Texas  Instruments 

20 

0.25  ±0.10®  8-14  um 

Texas  Instruments 

477 

0.37®  8-12  um 

Rockwell  Scioice  Center 

20 

0.64®  8-12  um 

Rockwell  Science  Center 

475 

TABLE  S.  Infrared  Absoipdrai  Coefficient  of  Texas  Instraments 
CVD  Diamond  NW3>74B  (0.36  mm  thick). 


Average  absorption  coefficient,  cm'^  based  on  transmission  spectnim 


Value 

Measurement  made  at 

Temperature,  **C 

0.20®  8-14  um 

Texas  Instruments 

25 

0.30®  8-14  um 

Texas  Instruments 

650 

Absorption  coefficient  (cm~^)  of  4  different  samples  at  10.6  um  at  25**C 


Value 

Measurement  made  at 

Method 

0.15 

Texas  Instruments 

laser  calorimetry 

Texas  Instruments 

laso’calcrimetry 

Texas  Instruments 

laser  calorimetry 

0.35 

Texas  Instruments 

laser  calorimetry 

Extrapolations  of  laser  calorimetric  absorption  coefficients  to  zero  Aickness  for 
Type  Ila  and  CVD  diamond  in  Figure  25  indicate  that  surface  absorption  is  negligible 
compared  to  bulk  absorption.  The  transmission  spectrum  of  a  diamond  film  in  Figure  26 
demonstrates  that  di^nond  has  no  far  infrared  absc^tion  at  wavenumbers  down  to  18  cm*l 
(556  ^m). 
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-  -  OpL  CKmI.  MPACVD  OIO^ 

>  -x-  -  Opt  Qual.  MPACVD  09^ 


0.0021— 

0.00 


0.04  0.06 

Thickness  (cm) 


I%URE  25.  Abaoption  Coefficient  of  Type  Da  nd  Miciowave-nasma-Assisied  Chemicil- 
V^ior^D^osi^  Diamond  (MPACVD)  as  a  Function  of  Thickness,  Measnied  by  Laser 
uunnetiym  Raytheon.  Since  dl  lines  extnpolate  close  to  aeioabsorp^  at  zero  thidaess,  the 
•bsogaion  arises  predominantly  fiom  the  bulk  diainnnd, 


18  38  38  78  98  118  138  138  178  198  218  238 

Wavtnumbnr  (cm*'') 


FIGURE  26.  Very  Loi^* 
Wave  Infrared  Trans¬ 
mission  of  Raytheon  Hot- 
Filament  Diamond 
HFB21,  Recorded  at  the 
University  of  Lowell 
(Mass.).  Assuming  a 
refractive  index  of  2.38, 
the  interference  fringe 
pattern  indicates  that  the 
thickness  of  the  samide  is 
184  pm. 
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LONG-WAVE  INFRARED  EMISSION 

Emission  from  saiiq>les  heated  in  a  furnace  was  measured  at  Rockwell  Science 
CratH’  using  an  8-to-12  ^m  bandpass  filter.  Gn^ite  was  used  as  a  standard,  widi  an 
assumed  emissivity  of  0.96.  Hi^-quality  roecimens  from  Raytheon  and  Norttm  had 
emissivities  of  -O.CG  at  300°C  and  0.03  near  SOO^  Spectrally  reeved  emissivity  (rfhi^ 
quality  CVD  diamond  from  a  different  source  is  shown  in  Hgure  27. 


FIGURE  27.  Emissivity  of  High  Quality  CVO  Diamond  at  475*0  (thickness  >  0.91  mm). 
The  absofption  coeflicient  at  the  right  is  derived  from  the  emissivity  at  the  left 


OPTICAL  SCATTER 

The  best  quality  polycrystalline  CVD  dianxxid  has  ~100  times  as  much  scatter  as 
single  crystal  Type  Ha  diamond  at  10.6  pm  and  ~20  times  as  much  scatter  at  0.63  pm 
(TaUe  6).  However,  the  long-wave  infrared  scatter  of  high  quality  CVD  diamcmd  is  below 
1%  and  acceptable  for  most  applications.  Thoe  is  no  change  in  the  scatter  of  Type  Ila  or 
CVD  diamond  upon  going  from  20  to  50O°C  (Reference  10).  Table  6  ctxnpares  optkal 
scatter  for  natut^  diamond  to  scatter  from  the  highest  quality  CVD  diamond.  Table  7 
shows  scatter  fw  numerous  CVD  specimens.  Forward  scatter  is  greater  than  track  scatter 
in  CVD  diamond  at  wavelengths  of  0.63  and  3.39  pm,  while  back  scatter  is  greater  than 
forward  scaner  at  10.6  pm. 
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TABLE  6.  Comparison  of  IntegnucdFocwaid  Scatter  Type  Da 
Diamond  and  die  Quality  CVD  Diamond. 


Samide 

Thickness 

Scatter,  0.63  um 

Scatter.  10.6  um 

'IVpeIIa(806)a 

0.50  mm 

0.2%l> 

0.004%c 

CVD 

Raytheon  D383-02 

0.75  mm 

4%4 

0.4%^ 

^Reference  10. 

^  Bidirectional  trutsmitiance  distribution  function  (BTDF)  (Reference  IS)  measurement  int^rated 


&om  0.3  to  45**. 

^  BTDF  measurement  integrated  fitom  1.1  to  4S^ 

^  Total  integrated  scatter  (Reference  16)  from  2.S  to  70°  measured  with  integrating  sphere. 


TABLE  7.  Total  Integrated  Scatter  (Reference  16)  CVD  Diamond  Specimens.^ 


Source 

Xypcila 

806^ 


Forward  scatter.  %/Back  scatter.  % 


Wavelength.  0.63  jim 


Wavelength.  3.39  um 


Wavelength.  10.6  pm 


0.004/0.012 
(BTl^  23-80°  int^ration) 
(BRDF  53-80°  int^rationy^ 


Ra,vtheon 

H157-01 

D362-01 

H155-10 

H155-16 

D383-02 


4.5/2.2 
2.3/1 .3 
6.5/1 .7 
9.2/3.6 
4.2/1 .9 


0.84/0.43 
0.61/0.20 
9.0/1. 4 
4.6/1. 5 
1.0/... 


0.13/0.45 
0.9/0.20 
3.9/5.4 
1.5/3. 1 
0.36/0.8 

^32%  forward  scatter 
measured  by  BTIX^ 
method^  for  D383-02) 


Texas  Instrument 


NW2-78E 

Norton 

12/2.4 

17/2.2 

1  (TD994) 

29/8.7 

8.6/2.4 

9(TD994) 

28/7.4 

8.7/1.8 

13  (TD  1022) 

19.4/7.3 

5.8/2. 1 

23  (TD  1068) 

23.6/7.8 

4.5/1. 3 

6.7/8.9 

1. 4/2.7 
1. 7/2.9 
1. 3/2.3 
0.6/1 .0 


^  All  samples  excqx  Type  Ila  were  measured  with  integrating  sphere  from  23  to  70°. 
^  Reference  10. 


^  Bidirectional  reflectance  distribution  function  (BRDF). 
^Reference  IS. 


The  root-mean-square  surface  roughness  of  polished  CVD  diarrKMid  from  Raytheon 
and  Texas  Instruments  was  ~10  nm,  while  diamond  from  Norton  had  a  roughness  near 
40  nm.  Using  the  expression  total  integrated  scatter  »  (4jt8/X,)2,  where  o  is  surface 
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roughness  and  \  is  wavelength,  the  surface  scatter  contribution  for  Raytheon  and  Texas 
Tnstnimentig  diamond  is  expected  to  be  ~4%  at  visible  wavelengths.  This  could  account  for 
most  of  the  visiUe  scatter  in  die  highest  quality  sanqiles. 

Figure  28  shows  the  angular  dependence  of  forward  and  back  scatter  of  single 
crystal  Type  Ha  diamond  at  a  wavelength  of  10.6  pm  (measured  by  die  BTDF  and  BRDF 
methods  (Reference  IS)).  Figure  29  shows  that  d^  angular  dependence  of  forward  scatter 
of  the  highest  optical  quality  ptdycrystalline  CVD  diamond  is  much  broader  dian  the  scatter 
from  single  crystal  Type  Ila  diamond.  Figure  30  shows  that  visible  (0.63  pm)  and 
midwave  infrared  (3.39  pm)  scatter  from  one  high  quality  CVD  diamond  sample  are 
similar,  and  substantially  greater  than  long-wave  infrared  (10.6  pm)  scatter. 
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FIGURE  28.  Forward  and  Back  Scatter  of  Natural  Type  na  Diamond  at  10.6  pm  (Reference  10). 

The  transmission  spectrum  of  l(X)-pm-thick,  polished  CVD  diamond  recorded  widi 
a  40  X  40  pm  aperture  in  Figure  31  shows  that  most  of  the  optical  scatter  originates  at  the 
grain  boundary,  not  the  grain  center.  This  is  consistent  with  the  notion  that  grain 
boundaries  contain  nondiamond  (hydio)caibon. 


REFRACTIVE  INDEX  AND  MICROWAVE  DIELECTRIC  PROPERTIES 

Literature  values  for  the  refractive  index  of  Type  Ila  diamond  are  shown  in  Table  8. 
The  best  measurement  of  refiractive  index  of  CVD  (tiamond  that  we  are  aware  of  comes 
from  the  strong  interference  pattern  of  Norton  diamond  disk  24  in  Figure  32.  The  disk  is 
thicker  in  the  center  (517  ±5  pm)  than  around  the  edges  (51 1  ±5  pm).  There  are  10  fringes 
between  964.08  and  923.23  cm*l.  Using  the  center  thickness,  the  refractive  index  is 
calculated  to  be  2.37  ±0.02.  The  edge  thickness  gives  a  refractive  index  of  2.40  ±0.02. 
Since  the  beam  was  directed  at  the  center  of  the  specimen,  we  consider  these  measurements 
to  be  consistent  with  the  literature  value  of  2.38  near  10  pm.  The  temperature  dependence 
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FIGURE  31.  Inftirad 
Tnaanisskm  Spectnmi 
of  lOO-iim-Thick. 
PoUsiied  Oh>  DiMBoad 
Recorded  at  Texas 
Instmineats  With  a  40 
iun  X  40  itm  Aperture. 
Optical  scatter  is 
enhanced  at  the  grain 
boondaiy. 


1.00 


Wavenumber  (cm*'*) 


FIGURE  32.  Strong  Interference  Fringes  in  the  Transmission  Spectrum  of  Norton 
Diamond  Specimen  24  are  Consistent  With  the  Literature  Value  of  the  Refiractive  Index  of 
Type  Ila  Diamond  of  2.38  Near  10  pm  (Spectrum  courtesy  of  M.  Thomas,  Applied 
Physics  Laboratory). 
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TABLES.  Refractive  Index  of  IVpe  Ha  Diamond.^ 


Wavelength, 

Um 

Refractive 

index 

Wavelengdi, 

um 

Refractive 

index 

Wavelengdi, 

um 

Refractive 

index 

0.25 

2.638 

2.404 

2.378 

0.30 

2.544 

2.380 

8.00 

2.377 

0.40 

2.463 

2.380 

2.376 

0.50 

2.430 

2.379 

2.375 

0.60 

2.413 

HEQjH 

2.378 

2.374 

ReCaenoe  17. 

^  The  depmdence  of  refractive  index  on  temperature  is  (l/nXdnWT)  >  4.04  x  10^  K'*  and  the 
dq>endence  on  pressure  is  (1/nXdn/dP) » -0.36  x  10**^  Fb'>  near  300  K  (Reference  18).  Temperature 
dependence  was  measured  at  fr^uencies  below  $10^  Hz.  but  should  ^)ply  to  the  long-wave  infrared 
region. 


The  low  frequency  (^10^  Hz)  dielectric  constant  of  Type  Ila  diamond  is  lepoited  to 
be  5.70  (Reference  18).  This  value  is  expected  to  be  indepe^nt  of  frequency  tfarou^MMit 
the  microwave  region.  Numerous  measurements  of  the  dielectric  constant  of  diftmnt 
samples  of  CVD  Samond  have  given  values  near  5.7,  with  loss  tangents  as  low  as  ^  x 
10^.  Early  developmental  samples  of  impure  CVD  diamtmd  had  a  dielectric  ctmstant  as 
low  as  4.2  and  loss  tangents  that  were  2-3  orders  of  magnitude  greater  than  those  of  very 
pure  samples. 


THE  RAMAN  SPECTRUM  OF  IMPERFECT  DIAMOND 
DEPENDS  ON  EXCITATION  WAVELENGTH 

Type  Da  diamond  exhibits  a  single  sharp  Raman  peak  near  1333  cm*^  at  20**C. 
Under  compression  this  peak  slufts  to  higher  frequency,  so  it  may  be  used  as  a  measure  of 
stress  in  diannond  (Reference  19).  However,  the  effect  of  stress  is  anisotropic  (producing 
differing  shifts  for  the  same  pressure  directed  along  different  crystal  axes),  and  the  single 
peak  splits  into  multiple  components  under  anisotropic  stress. 

In  general,  the  higher  the  quality  of  the  diamond,  the  narrower  is  the  1333  cm*l 
peak.  Figure  33  shows  that  laser  Raman  excitation  at  l.OM  pm  is  much  more  sensitive  to 
the  quality  of  the  diamond  than  is  Raman  excitation  at  488  nm.  (Qualitatively  similar 
results  have  been  reponed  befne  (Reference  20).  In  the  upper  pan  of  the  figure,  spectra  of 
two  moderate-optical-quality  samples  have  weak  p^s  at  1333  cm*l,  surrounded  by 
strong,  bread  signals  that  presumably  arise  from  nondiamond  carbon.  Only  the  very  high 
quality  specimen  D362-01  gives  a  reasonably  (but  not  completely)  clean  spectrum,  with 
weak,  broad  signal  between  1000  and  16(K)  cm*l.  In  the  lower  spectrum,  excitation  of 
Specimen  H15^16  at  488  nm  gives  a  clean,  sharp  signal  at  1333  cm'L 
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waveiength 
488  nm 

Specimen  HI 55*16 
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1600 
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FIGURE  33.  Upper  Figure  Shows  Raman  Spectra  of  Three  Different  Raytheon  CVD  Diamond  Samples 
With  Laser  Excitation  at  1.064  pm.  Specimen  D362-01  is  colorless  and  transparent  Specimens  HlSS-04 
and  HlSS-16  are  light  gray  and  transparent,  but  have  a  high  density  of  dark  spots.  Lower  figure  shows 
Raman  spectrum  of  specimen  HlSS-16  with  laser  excitation  at  488  nm.  The  inset  shows  that  the  widdi  oS 
the  peak  at  half-height  is  2.9  cm'^  (Data  from  M.  Nadler  and  W.  Weimer,  Naval  Air  Warfare  Center 
Weapons  Division  (NAWCWPNS).  China  Lake.  Calif.). 
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Figure  34  shows  that  the  linewidth  of  diamond  excited  at  488  nm  is  correlated  with 
the  linewidth  of  diamond  excited  at  1.064  pm.  In  a  previous  study  (Reference  20),  it  was 
found  that  the  linewidth  of  the  1333  cm*^  peak  is  greater  with  ultraviolet  excitation  (351  and 
257  nm)  dian  with  visible  excitation.  Fur^eroKm,  with  ultraviolet  excitation,  the  spectrum 
is  insensitive  to  nondiamond  carbon  and  rnily  exhibits  the  1333  cm'l  peak.  None  of  these 
effects  are  understood.  A  correlation  between  the  linewidths  of  Raman  and  ^^C-NMR 
signals  from  diamond  has  also  been  reptmed  (Reference  21).  The  better  tiie  quality  of  the 
diamond,  the  narrower  is  the  NMR  linewidth. 


FIGURE  34.  Linewidth 
of  1333  cm*^  Raman  Peak 
of  CVD  Diamond  Excited 
at  488  nm  is  Correlated 
With  Linewidth  Arising 
From  Excitation  at  1.064 
pm  (Data  from  M.  Nadler 
andW.  Weimer). 


THERMAL  EXPANSION  AND  THERMAL  CONDUCTIVITY 


The  thermal  expansion  coefficient  (a)  of  CVD  dianuxid  is  nearly  the  same  as  that  of 
natural  diamcmd  (Figure  35).  The  polynomial  fit  to  the  CVD  expansion  data  is 

a  =  =  1.1277  +  6.5426  x  10-3  T  -  1.4382  x  10-6  t2  (12) 

where  L  is  the  length  of  the  sample,  T  is  °C,  and  a  is  given  in  parts  per  million. 

Thermal  conductivity  of  CVD  diamond  was  studied  at  Raytheon,  with 
representative  results  in  Figure  36.  Figure  37  shows  the  thermal  conductivity  calculated  for 
diamond  with  different  grain  sizes  (Reference  22).  At  low  temperature,  phonon  scattering 
at  grain  boundaries  limits  the  conductivity  of  polycrystalline  diamond.  Above  500  K,  there 
is  little  dependence  on  grain  size,  since  phonon-phonon  scattering  occurs  over  distances 
smaller  than  the  grain  size.  In  fact,  experimental  measurements  at  low  temperature  indicate 
that  the  mean  free  path  for  phonons  in  polycrystalline  diamond  can  be  4-lOx  greater  than 
the  grain  size  (Reference  23).  Differing  shapes  of  the  experimental  conductivity  curves  in 
Figure  36  are  attributed  to  phonon  scattering  from  defects  in  the  hot-filament  CVD  diamond 
that  are  not  present  in  the  higher  quality  nucrowave  plasma  diamond  (Reference  24). 
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HGURE  3S.  Hiennal 
Expansion  Coefficient 
of  Single  Crystal 
Diamond  and  Raytheon 
Specimen  RDH31. 
Expansion  of  2S*mm- 
long  bar  of  CVD 
diamond  was  measured 
with  a  silica  r^erence. 
Recent  measurements 
show  that  the  thermal 
expansion  of  CVD  mid 
natural  diamond  are  the 
same  over  the  range  50> 
1 100  K  (Reference  25). 


i.v 

•ISO  -100  -so  0  so  100  ISO  200  250 

Temperature  (‘‘C) 


Temperature  T(K) 


FIGURE  36.  Thermal  Conductivity 
Raytheon  CVD  Diamond  Produced 
in  a  Microwave  Plasma  or  Hot- 
Rlamem  Reactor. 
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FIGURE  37.  Calculated  (Reference  22)  Thermal  Conductivity  of 
Diamond  Showing  the  Effect  Particle  Size  (Data  from  C.  J.  Robinson, 

Raytheon). 

The  thennal  conductivity  of  CVD  diamond  is  anisotropic  (Reference  26).  When 
measured  in  the  plane  of  a  disk  (whose  growth  directitm  is  mmnal  to  the  disk)  near  300  K, 
the  conductivity  of  the  best  Raytheon  C^VD  diamond  is  17  to  20  W/(cm'K),  which  is 
consistent  with  that  (tf  natural  diamcmd  of  die  same  grain  size.  When  measured  dirough  die 
thickness  of  a  disk  (parallel  to  the  growth  direction),  the  thermal  conductivity  is  22-26 
W/(cm*K),  which  is  as  high  as  the  values  repmred  for  Type  Ila  diamond  at  300  K.  Norton 
manufactures  several  gi^es  of  diamond  widi  increasing  quality.  "Tribology"  grade 
diamond  has  a  conductivity  of  6-8  W/(cm*K)  measured  in  die  plane  of  the  disk  near  300  K. 
"Thennal  management"  gi^e  material  has  a  conductivity  of  10-12  W/(cm*K)  and  "optical" 
grade  material  has  a  conductivity  of  13- 15  W/(cm'K) 

From  Figure  37  we  expect  that  good  quality  polycrystalline  diamond  should  have 
the  same  thermal  conductivity  as  Type  Ha  diamond  above  temperatures  of  500  K.  For 
completeness,  then.  Figure  38  shows  the  measured  conductivity  of  Type  Da  diamond 
between  500  and  1200  K.  We  expect  that  these  same  values  should  lyiply  to  high  quidity 
CVD  diamond  in  this  temperature  range.  (High  quality  CVD  diamond  frcmi  DeBeers 
(Reference  27)  with  a  thennal  conductivity  of  20  W/(cm’K)  at  300  K  has  a  conductivity  of 
12  W/(cm*K)  at  480  K,  which  is  similar  to  Type  Ila  diamond  and  shown  by  the  circle  in 
Figure  38.) 
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FK3URE38.  Mettured  Theniial 
Cooductivity  of  Type  Ib  Dinoed 
at  Efevtted  TEOipeBMope  ^cCcnooe 
28).  Hie  anqile  had  dinieasioas 
of  8.04  X  8.84  X  2.3S  mm. 
CooducUvity  measmed  in  the 
"long  diiectioa*  lefien  lo  the  8.04 
mm  length.  The  "short  difectioo'' 
refers  to  the  235  nun  length.  The 
circle  refers  to  one  qiecimen  of 
high  quality  CVD  dirnnond  Cram 
DeBeeis  (Refierenoe  27). 


A  straight  line  was  drawn  by  hand,  going  through  the  data  in  Hguie  38  and  through 
the  point  (23.4  W/(cin*K)  at  300  K).  The  equation  fOT  this  line,  which  we  recommend  m 
estimating  diennal  conductivity  (k)  of  Type  11a  or  CVD  diamoi^  in  the  range  300>1200  K, 
is 


2.833  X  10^ 
T1345 


(13) 


where  k  has  the  units  W/(cm*K)  and  T  is  in  kelvins. 


MECHANICAL  PROPERTIES 


HARDNESS,  MODULUS,  POISSON'S  RATIO,  AND  TOUGHNESS 

Hardness  measures  resistance  to  indentation  and  depends  on  the  indents  geometiy, 
the  applied  load,  and  die  crystal  orientation  of  the  material  being  indented.  Diain^  is  die 
hardest  Imown  material,  with  a  hardness  commonly  taken  to  be  ~9000  kg/bun^  (~90  GPa) 
(References  29  and  30).  (This  can  be  compared  to  values  of 4500  for  cubic  bmxHi  nitride, 
2000-4000  for  silicon  carbide  and  2000  kg/taafi  for  sapphire.)  In  two  studies,  die 
hardness  of  CVD  diamond  was  similar  to  that  of  natural  diarrond  (References  31  and  32) 
and  dropped  by  ~30%  in  the  800-950'’C  range.  (The  drop  took  place  between  650  ami 
800'*C.)  In  another  study,  four  samples  had  an  average  harness  of  16  000  kgAmn^  (~160 
GPa)  (Reference  33)  Young's  modulus  and  Poisson's  ratio  fcH*  single  crystal  dianxmd  are 
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anisotropic.  Apprc^riate  averaging  over  all  orientations  fnedicts  a  modulus  of  1 140  GPa 
and  Poisson's  ratio  of  0.069  for  randomly  miented  CVD  dianxmd  (References  34).  These 
values  are  consistent  with  e}q)erimental  data. 

Fracture  toughness  (Kic)  measures  resistance  to  crack  extension.  For  single  ciystal 
diamond,  the  toughness  is  estimated  to  be  ~3.4  MPaVm  (Reference  35).  (Mentation 
measurements  on  CVD  diamond  gave  a  value  of  5.3  ±1.3  MPaVm  (Reference  36). 
Fracture  surface  analysis  of  biaxial  flexure  specimens  of  CVD  diamond  gave  a  fracture 
toughness  of  8  ±1  MPaVm  (Table  1 1),  while  indentation  oi  the  same  set  of  samples  gave  a 
toughness  of  8  ±2  MPaVm  (Reference  33).  It  is  nonnal  for  polycrystalline  materials  to 
have  ai^Hoximately  twice  the  fracture  toughness  of  single  crystals. 


MECHANICAL  STRENGTH 

Tables  9-11  list  strength  measurements  made  in  the  present  program.  Table  12 
summarizes  die  results  and  compares  them  to  other  measurements  of  CVD  diamond 
strength  reported  in  the  literature. 

The  ring-on-ting  test  fixture  designed  for  the  measurements  in  Table  9  is  shown 
schematically  in  Figure  39  (Reference  37).  The  dianxHid  disk  was  supported  underneath 
by  a  Mo  ring  with  a  contact  radius  of  8.61  mixL  Load  was  applied  from  above  through 
another  Mo  ring  with  a  contact  radius  of  4.88  mm.  Ti  washers  with  a  thickness  of  0.076 
mm  were  placed  between  the  fixture  and  the  diamond  to  reduce  the  conqnessive  stresses  in 
the  diamond  normal  to  the  surface  at  the  contact  points.  7i  was  chosen  because  it  could  be 
used  fOT  tests  up  to  10(X)”C  in  an  Ar  atmosphere.  For  measurements  in  Table  1 1,  the  load 
was  applied  at  one  contact  ptnnt  with  a  ball  instead  of  a  ring  (Reference  33). 


LOAD  RING 
MT-104 
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TABLE  9.  Ring-on-Ring  Biaxial  Flexure  Strength  of  CVD  Diamond  Disks 
Measim^  at  General  Research  Coq).  (Santa  Barbara.  Calif.) 


Thickness,  mm 

Strength.  MPa4 

Tensile  face^ 

N(»ion  specimens  tested  at  20PC 

TD9944B 

0.876 

136 

growth 

TD994-04 

0.907 

136 

substrtte 

TD994-09 

0.877 

276 

substrate 

TD994-10 

0.892 

129 

growth 

Average  TD994 

169  ±71 

TD1022-15 

0.628 

285 

sidKtrate 

TD1022-19 

269 

substrate 

TD1022-22 

324 

growdi 

Average  TD1022 

293  ±28 

TD1068-26 

0.648 

463 

substrate 

TD1068-27 

0.640 

411 

substrate 

Averaae  TD1068 

437 

Norton  specimens 

tested  at  KXIO^C 

TD994-07 

331 

siri>siiate 

TD1022-18 

318 

substrate 

TD1068-29 

(157*7)584 

substrate 

Averaae 

_ 

411  ±150 

Texas  Instruments  specimens  tested  at  2(fC 

22D 

0.964 

281 

22E 

1.092 

345 

22F 

0.894 

292 

62A 

1.066 

188 

73G 

1.250 

no 

73K 

0.866 

160 

78B 

0.830 

140 

Raytheon  specimens  tested  at  20”C 


H155-02 

167 

substrate 

H155-04 

0.824 

106 

growth 

H155-05 

0.932 

136 

substrate 

HI  55-06 

339 

growth 

H155.10 

0.823 

161 

substrate 

H155-12 

0.972 

159 

substrate 

H155-13 

0.889 

149 

substrate 

H155-14 

0.852 

183 

substrate 

H155.19 

0.848 

224 

substrate 

°  Disks  with  a  diameter  of  20  mm  were  tested  in  ring-on-ring  flexure  using  a  4.88  mm  load 


radius  and  8.61  mm  support  radius  (References  37  and  38). 

^  Growth  surface  is  coarse  grain  surface.  Substrate  side  is  fine  grain  surface. 

^  A  sound  was  heard  at  the  lower  strength  value,  but  the  sample  continued  to  bear  the  load 
until  breaking  at  the  higher  value. 
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TABLE  10.  Ring-oO'Ring  Biaxial  Flexive  Strength  of 
CVD  Diamond  Disks  Measmtd  at  Rjiydieon.^ 


Surface 

treatment 

Thidaiess, 

mm 

Numbered 

samples 

Strength, 

MPa 

Tensile  free 

MP2-51 

uiq)olisbed 

0.24-0.26 

4 

430  ±150 

substrate 

MP2-S1 

unpolished 

0.24-0.26 

3 

189  ±8 

giowdi 

MPl-358 

ui^lished 

0.48-0.52 

2 

420  ±35 

substrate 

MP1-3S8 

uii{x>lished 

0.46-0.51 

2 

170  ±21 

growth 

MP2-83 

unpolished 

0.41 

1 

490 

substrate 

MP2-83 

abrasion  polish 

0.35-0.40 

4 

220  ±20 

growA 

MPl-339 

Fe  planarization 

0.37-0.41 

3 

260  ±40 

growth 

«  Didcs  with  a  dinneier  of  17  mm  were  tested  m  ring-on-ring  flexure  usmg  a  3.S0  mm  load  radins  and 
7.00  mm  support  radius.  Crosshead  speed  «  0.0S  cm/mtn. 


TABLE  11.  Ball-on-Ring  Biaxial  Flexure  Strength  of  Texas  Instruments  CVD  Diamond 
Disks  (8  to  IS  mm  Diameter)  Measured  at  Univemty  of  Florida.^ 


Crack 

Stress  at 

Radial 

Strength, 

Fracnire 

Thickness, 

Sujyxxt 

radius 

disk  center. 

position 

MPa 

toughness. 

mm 

radius. 

MPa 

offincture 

MPaVm 

mm 

Uni 

polished  sanq 

ries 

184  ±18 

3220 

•  «  « 

0.59 

3.18 

43  ±4 

1340 

370  ±19 

970 

8 

0.39 

3.18 

87  ±9 

153  ±8 

740 

9 

0.40 

3.18 

87  ±9 

290  ±15 

660 

8 

0.21 

3.18 

0.66 

3.18 

3600 

0.043 

3.18 

4030 

0.042 

3.18 

930 

0.31 

2.48 

1430 

0.26 

2.48 

Pdished  samples 


42  ±4 
107  ±11 
103  ±10 
37  ±4 

66  ±7 

1340 

1060 

1110 

910 

900 

1490 

1310 

194  ±10 
215  ±11 
303  ±15 
174  ±9 
406  ±20 

720 

680 

650 

770 

850 

•  *  • 

•  •  • 

6 

9 

8 

6 

9 

0.19 

0.22 

0.30 

0.17 

0.41 

0.19 

0.20 

3.18 

3.18 

3.18 

6.35 

3.18 

3.18 

3.18 

Averages 

84  ±46 

1540  ±1090 

«  •  • 

630  ±260 

8±1 

•  •  » 

•  •  • 

«  Reference  33. 
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TABLE  12.  Cooiparisoa  of  Strength  Measurements  of  CVD  Diamond  Disks. 


ENamond  source 

mmsm 

Diameter, 

rom 

Strength, 

MPa 

Norton 
(Table  10) 

ling-on-iing 

600-900 

20 

270  ±120 

Noitim 
(Table  10) 

ring-on-iing 

(1000^ 

500-900 

20 

411  ±150 

Texas  Instnunents 
(Table  10) 

ring-on-ring 

800-1200 

20 

220  ±90 

Raytheon 
(Table  10) 

ling-on-ring 

800-1000 

20 

180  ±70 

Raytheon 
(Table  10) 

ring-on-ring 

240-520 

17 

-300 

Texas  Instruments 
(Table  10) 

ball-on-iing 

170-410 

8-15 

630  ±260 

Raydteono 
(9  specimens) 

gas  burst  pressure 

4-161 

3-11 

730  ±350 

NEC  (Japan)^ 

(3  membranes) 

gas  burst  pressure 

1.2.2.5 

15 

1400  ±400 

DcBeersf 
(6  specimens) 

gas  burst  pressure 

179-300 

10-20 

900  ±140 

Reference  39. 
^  Reference  40. 
^  Reference  41. 


Conclusions  from  Tables  9-12  include  die  following: 

1.  Average  strengths  of  CVD  diamond  from  Norton,  Texas  Instruments  and 
Raytheon  tested  with  a  ring-on-ring  fixture  are  in  the  approximate  range  200-400  MPa. 
These  strengths  are  approximately  1/10  of  the  ~3  GPa  tensile  strength  quoted  fcv  natural 
diamond  (Reference  42).  (Bear  in  mind  that  it  is  difficult  to  measure  the  strength  of  small 
single  crystals  of  diamond  and  results  are  not  directly  comparable  to  results  fiom  flexure 
tests  of  disk.) 

2.  The  strength  of  currently  available  CVD  dianxxid  at  lOOO^C  is  not  lower  than 
the  strength  at  20°C.  (It  is  possible  that  higher  strength  material  produced  in  the  future 
could  lose  strength  at  elevated  teii^ierature.) 

3.  The  strengths  of  the  three  different  sets  of  Norton  diamond  in  Table  9  (from 
growth  runs  TD994,  TD1022,  and  TD  1068)  appear  to  be  different  frcnn  each  other.  Each 
of  these  growth  runs  was  uniform  in  appear^e  and  the  limited  strength  data  are  also 
reasonably  uniform  with  each  set  This  observation  suggests  that  under  some  conditions 
stnmger  diamcmd  can  be  grown. 
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4.  In  Table  9.  there  was  no  diffoence  in  tensile  strength  between  the  substrate 
(fine  graicu  Hguie  16)  and  growth  (coarse  grain,  Hgure  17)  surfaces  of  polished  CVD 
diamoiKL  b  Table  10  the  substrate  surface  is  tboat  twice  as  strong  as  the  growth  surface. 

5.  Ball-on-ring  flexure  strengths  in  TaUe  11  are  significantly  greater  than  the  ring- 
on-ring  strengths  in  Tables  9  and  10.  This  typical  result  for  ceramics  arises  because  tte 
ball-on-ring  test  places  less  volume  or  area  uni^  stress  duui  the  ring-on-ring  test 

6.  The  strengths  of  thin  disks  of  Raydierm  CVD  dianxmd  tested  by  |»essutmng 
one  side  with  ^  (third  line  from  the  bottom  in  Table  12)  are  somewhat  hii^ier  dian  ^ 
strengths  of  thick  disks.  The  thinnest  specimen  (4  |im  ^ck)  had  the  greatest  straigdi 
(1380  h^).  This  is  not  sutinising  because  a  thin  membrane  cannot  have  crit^  flaws  that 
are  as  deep  as  a  thick  disk. 

7.  The  strengths  of  very  thin  (1.2  to  2.S  pm)  diamond  membranes  (second  line 
from  the  bottom  in  Table  12)  are  more  than  1  GPru  As  stated  in  conclusion  6,  thin 
memlxanes  cannot  have  deep  flaws,  so  they  are  expected  to  be  stitmg. 

8.  The  burst  strong  ofDeBeersdiamcmd  at  the  bottom  of  Table  12  is  greater  than 
the  strengths  of  the  disks  in  Tables  9  through  11.  We  do  not  know  if  diis  means  that  the 
DeBeers  dianoond  is  really  strcmger  or  if  the  different  test  conducted  DeBeers  gives  a 
systematically  higher  result  than  the  ring-on-ring  test.  Depending  on  the  effective 
constraint  at  the  ^ge  of  the  DeBeers  dislu  during  flexure,  tlto  stress  state  ranges  from 
maximum  at  the  center,  to  fairly  unifnm  across  the  disk,  to  maximum  at  the  edges.  We  do 
not  know  how  to  coaqpare  the  DeBeers  strenj^  to  ours.  The  DeBeers  disks  were  only  one 
third  as  thick  as  those  in  Table  9,  so  the  critical  flaw  sizes  were  probably  not  as  great. 
Before  concluding  that  DeBeors  diamond  is  any  strongp  duui  Nmton,  Raydieon,  or  Texas 
Instruments  diammd,  it  is  necessary  to  test  DeBeers  (flamond  with  a  thickness  near  1  mm 
in  a  ring-on-ring  fixture. 

9.  In  the  DeBeers  study,  three  pieces  of  single-crystal  silicon  (thickness  »  0.53 
mm,  diameter  s  lO  mm)  had  an  average  strength  of  ISO  ±30  Kffa,  when  subjected  to  die 
same  test  as  diamond.  One  specimen  of  single-crystal  sapphire  (thickness  »  0.S8  mm, 
diameter  »  20  mm)  had  a  strength  of  405  h^a.  Ccxnparison  of  the  DeBeers  diamond 
strength  to  the  silicon  and  sapphue  strength  suggests  that  DeBeers  diamond  may  really  be 
stronger  than  sapphire. 

Figiwe  40  shows  the  fracture  patterns  of  Norton  diamond  disks  from  Table  9. 
Stronger  bntde  materials,  in  general,  shatter  into  man  pieces  than  weaker  samples  of  the 
same  material.  In  comparison  to  fracture  patterns  observed  in  zinc  sulflde  and  sapphire,  die 
diamond  in  Figure  40  represents  relatively  weak  material.  This  gives  us  hc^  t^  there  is 
rcxHn  for  improvement 
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Deposition  TD  994 


Specimen  03  Specimen  04  Specimen  09  Specimen  10 
136  MPa  136  MPa  276  MPa  129  MPa 


Deposition  TD  1068 


Specimen  26  Specimen  27 
463  MPa  411  MPa 


Tests  at  1000“C 


Specimen  07  Specimen  29 
331  MPa  584  MPa  (?) 


FIGURE  40.  Fracture  Patiems  of  Norton  Diamond  Disks  Ftom  Table  9  (Reference  37). 
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THE  STRENGTH  OF  DUMOND  IS  GOVERNED  BY  FLAW  SIZE 

The  strength  of  brittle  materials  is  related  to  the  size  of  pre-existing  flaws  by  the 
equation 

Straigth  ■  -  (1^) 

1.24  Vc 

where  Kic  is  the  fracture  toughn^s  and  c  is  the  radius  of  the  critical  flaw  that  gives  rise  to 
fracture.  (For  elliptical  flaws  with  radii  a  and  b,  c  »  It  is  rather  difficult  (and  takes 
smne  imaginaticm)  to  rind  the  critical  flaws  in  broken  pieces  oi  polycrystalline  dianxmd. 
Figure  41  shows  an  example  of  a  fracture  origin  identified  by  chanurreristic  river  marks 
lei^g  away  from  the  origin.  Table  1 1  shows  that  Kjc  calculated  from  the  measured 
strengA  aiKl  crack  radius  is  constant  near  8  MPaVm  for  8  specimens.  That  is.  the  strength 
of  diamond  is  governed  by  flaws.  If  the  flaws  were  smaller,  the  strength  would  be 
greater.  The  average  length  of  a  critical  flaw  in  Table  1 1  is  2c  ->  170  liin.  If  tiie  flaw  size 
were  reduced  by  a  facttv  of  4,  the  strength  would  increase  a  factored  2. 

How  big  are  the  critical  flaws  in  natural  diamrmd?  If  we  take  the  strength  of  natural 
diamcmd  as  3  GPa  and  the  fracture  tou^uiess  as  3.4  MPaV^  Equatim  14  tells  us  that  the 
flaw  size  is  2c  =  1.6  )im. 

Flaws  that  may  serve  as  fracture  origins  are  readily  observed  uixler  a  microscope 
everywhere  in  any  piece  of  CVD  diamond.  Hgures  23, 24  and  26  showed  some  examples 
of  flaws.  Figure  42  shows  cracks  radiating  into  a  single  grain,  suggesting  that  the  diaiiiond 
was  under  extreme  stress  at  stxne  time.  Figure  43  shows  a  vtxd  that  was  apparently  buried 
inskle  the  growing  diamond. 


nNE  POLISHING  HAS  NO  EFFECT  ON  THE 
STRENGTH  OF  DIAMOND  (YET) 

Optical  ceramics  typically  contain  few  buried  critical  flaws.  These  materials 
generally  fail  in  tension  from  surface  flaws  such  as  polishing  scratches.  An  experiment 
was  carried  out  to  see  if  strength  might  be  limited  by  scratches  introduced  in  the  very 
aggressive  abrasive  polishing  of  diamond  with  rine  diamond  grit  Diamond  from  Nottmi 
growtii  run  TD  1068  was  laser  cut  into  8-mm-diameter  disks  and  sent  to  Edge 
Technologies  (Indianapolis,  Ind.)  for  a  proprietary,  nonabrasive  chemical  polishing  that 
p^uoed  a  root-mean-square  surface  roughness  of  7  nm.  One  large  abrasively  polished 
disk  from  this  same  growth  run  was  laser  cut  into  three  8-mm-diameter  disks.  'Die  growth 
side  had  a  roughness  of  44  nm  and  the  substrate  side  had  a  roughness  of  18  nm.  Nomarski 
microscopy  showed  that  the  chemically  polished  diamond  had  a  much  smoother  surface 
with  many  fewer  defects  than  the  alxasively  polished  diamond  (Figure  44).  The  flexure 
strengths  of  both  sets  of  disks  in  Table  13  was  similar,  showing  that  the  less  destructive 
chemical  polish  had  no  effect  on  stren^.  We  conclude  that  strength  is  limited  by  flaws 
that  are  so  prevalent  that  surface  quality  is  not  yet  relevant. 
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Critical  flaw 


River  marks  River  marks 


FIGURE  41.  I^ture  Surface  of  PolycrystaOine  Diamond  (NortCMi  disk 
30Q,  With  an  Outline  Around  the  V-Sha^  Critical  Flaw.  Characteristic 
"river  marks"  on  either  side  of  the  firacture  origin  point  toward  the  origin. 
Magnification  of  the  upper  photo  is  "KXhc  (Figure  and  interpretation 
courtesy  of  J.  J.  Mecholsky.  Jr.  and  L.  Hehn,  University  of  Florida). 
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FIGURE  42.  Upper:  Reflection  Optical  Micrograph  of  the  Surface  of  Raytheon  CVD 
Diamond  Specimen  294B.  Lower:  Transmission  optical  micrograph  of  the  same  grain 
seen  in  the  upper  flgure,  focused  38  pm  into  the  growth  surface.  Cracks  are  seen 
radiating  into  ^e  grain  from  its  edges. 
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FIGURE  43.  Laser  Cut  of  Raytheon  CVD  Diamond  Exposes  a  Buried 
Void.  Marker  bar  is  100  pm. 


TABLE  13.  Strength  of  Abrasively-Polished  and  Chemically  Polished  Diamond  Disks.** 


Specimen 

Stress  at 
center,  MPa 

Stress  at  failure 
origin,  MPa 

CMtical  flaw 
radius,  pm 

Fracture  toughness 
Kic,  MPaVm 

Abrasive  polish 

TD1068-30A 

637 

637 

110 

8.3 

TD1068-30B 

631 

631 

121 

8.6 

TD1068-30C 

682 

653 

104 

8.3 

Chemical  polish 

TO  1068-38 

628 

628 

114 

8.3 

TO1068-40 

639 

390 

147 

5.9 

**  CVD  Diamond  disks  (8  mm  diameter  x  0.64  mm  thick)  with  substrate  surface  in  tension. 
Ball-on-ring  fixture  with  3.2  mm  diameter  support  ring. 


WATERJET  IMPACT  RESISTANCE 

A  primary  reason  for  using  a  diamond  optical  window  is  to  increase  durability  with 
respect  to  damage  by  sand  and  rain.  Natural  diamond  is  unsurpassed  in  its  erosion 
resistance.  For  example,  natural  diamond  impacted  by  sand  at  26  m/s  suffered  a  mass  loss 
that  was  20  000  times  less  than  the  rate  of  mass  loss  from  silicon  nitride  impacted  at  47  m/s 
(Reference  43).  Static  indentation  of  6-15  pm-thick  diamond  films  with  a  tungsten  carbide 
ball  gave  characteristic  ring  cracks  from  which  the  tensile  strength  of  the  fdm  was  estimated 
to  be  1 .4  GPa  (Reference  44).  Natural  diamond  in  the  same  test  has  a  strength  of  4-6  GPa. 
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50  ^tm 


Growth  surface:  abrasive  polish 


Growth  surface:  chemical  polish 


Substrate  surface:  abrasive  polish  Growth  surface:  chemical  polish 


FIGURE  44.  Nomarski  Micrographs  of  Growth  (360x)  and  Substrate  Surfaces  (900x)  of 
Abasively  and  Chemically  Polished  CVD  Diamond  From  Norton  Growth  Run  TD  1068. 
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Figure  45  shows  that  Type  Ila  diamond  has  the  highest  wateijet  damage  threshold 
velocity  of  any  infrared  window  material  (Figure  45)  (References  44  through  46).  In  this 
experiment,  the  1-mm-thiCk  x  6-mm-diameter  single  specimen  of  natural  ^amond  (fully 
supported  on  an  x-y  stage)  was  impacted  by  a  jet  of  water  from  a  O.S-mm-diametCT  nozzle. 
There  was  no  damage  visible  under  a  microscope  after  nnony  impacts  at  velocities  below 
530  m/s  (equivalent  to  -600  m/s  for  a  2-mm-diameter  waterdrop).  After  170  impacts  at 
530  m/s,  the  sample  shattered.  For  comparison,  two  samples  of  single  crystal  sapphire 
exhibited  microscopically  visible  damage  at  threshold  velocities  near  430  m/s  (equivalent  to 
-535  m/s  for  a  2-mm-diameter  waterdrop).  It  was  speculated  (Reference  44)  that  the 
damage  threshold  velocity  for  thicker  diamond  might  be  even  greater  than  530  m/s  because 
the  thin  specimen  may  experience  damage  fiom  waves  reflected  from  the  back  surface  of 
the  saii^le. 


Log  (Bactuie  toughness) 

FIGURE  45.  Wateijet  Damage  Threshold  Velocity  of  Infrared  Window  Materials  Tested 
With  a  Multiple  Impact  Jet  Apparatus  Scales  With  the  Logarithm  of  the  Indentation 
Fracture  Toughness  (Reference  45).  Velocities  in  this  figure  are  "corrected"  to  be 
equivalent  to  those  of  2-mm-diameter  waterdrops.  The  actual  damage  threshold  velocity 
of  the  wateijet  (from  a  0.8  mm  nozzle)  was  430  m/s  for  sapphire  and  -530  m/s  for 
diamond. 

Figure  46  gives  one  example  of  the  results  of  wateijet  impact  on  a  0.9-mm-thick 
sample  of  CVD  diamond.  Central  crazing  (located  -200  pm  below  the  surface  of  the 
sample)  was  first  observed  after  10  impacts  at  250  m/s,  and  it  increased  in  extent  with 
repeated  impacts  at  higher  velocities.  Central  crazing  is  not  up^ly  observed  wifo  other 
ceramics,  and  may  be  caused  by  the  large  population  of  pre-existing  microcracks  in  CVD 
diamond.  Circumferential  cracking  was  first  noted  after  10  impacts  at  500  m/s.  The 
diameter  of  the  circumferential  crack  is  -4  times  larger  than  would  be  observed  in  ZnS,  and 
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might  be  due  to  stress  wave  reflectimi  from  the  back  surface  of  the  sample  reinfoicing 
Rayleigh  waves  on  the  impacted  surface. 

CVD  diamond  specimens  S  and  29  from  Norton,  H1S5-18  from  Raytheon,  and 
NW2'62C  from  Texas  Instruments  all  behaved  in  a  similar  manner.  Nwton  sample  29 
came  frx>m  Growth  Run  TD  1068  that  had  higher  optical  quality  and  higher  average 
strength  than  Growth  Run  TD  994  that  produced  sp^imen  S.  Yet  disk  29  had  lower 
damage  threshold  velocities  than  disk  5.  Central  crazing  was  observed  after  10  inqucts  at 
200  to  250  m/s  and  circumferential  cracking  after  10  impacts  at  350  to  400  m/s. 
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Norton  site  it  4  ■  after  20  impacts  at  500  m  s-i 

Central  damage  appeared  after  10  impacts  at  250  m  s-i 
Circumferential  cracking  after  10  impacts  at  500  m  s-> 


Plate  3.7.1  Photo  of  site  after  20  impacts  at  500  m  s-i 


0.5  mm , 

I  I 


FIGURE  46.  Waterjet  Damage  Site  on  Substrate  Side  of  Polished  CVD  Diamond  Disk 
Number  5  From  Norton  (Reference  45).  Central  crazing  is  located  -200  pm  below  the 
impacted  sur&ce.  The  ring  fracture  is  on  the  surface. 
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